Brain aging is associated with a progressive decline in cognitive function though the molecular mechanisms remain unknown. Functional changes in brain neurons could be due to age-related alterations in levels of specific proteins critical for information processing. Specialized membrane microdomains known as 'lipid rafts' contain protein complexes involved in many signal transduction processes. This study was undertaken to determine if two-dimensional fluorescence difference gel electrophoresis (2D DIGE) analysis of proteins in synaptic membrane lipid rafts revealed agedependent alterations in levels of raft proteins. Five pairs of young and aged rat synaptic membrane rafts were subjected to DIGE separation, followed by image analysis and identification of significantly altered proteins. Of 1046 matched spots on DIGE gels, 94 showed statistically significant differences in levels between old and young rafts, and 87 of these were decreased in aged rafts. The 41 most significantly altered (p < 0.03) proteins included several synaptic proteins involved in energy metabolism, redox homeostasis, and cytoskeletal structure. This may indicate a disruption in bioenergetic balance and redox homeostasis in synaptic rafts with brain aging. Differential levels of representative identified proteins were confirmed by immunoblot analysis. Our findings provide novel pathways in investigations of mechanisms that may contribute to altered neuronal function in aging brain.
Introduction
Prominent features of brain aging are the progressive decline in cognitive function and impairment in learning and memory formation (Albers and Beal, 2000) . However, the mechanisms underlying age-associated changes in neuronal function remain undefined. Of theories proposed to explain the phenotypes observed in aging, the most widely accepted ones include enhanced oxidative stress (Floyd and Hensley, 2002) , mitochondrial dysfunction (Albers and Beal, 2000) , Ca 2+ dyshomeostasis (Khachaturian, 1994) , synaptic atrophy (Lee et al., 2000) , cytoskeletal abnormalities (Lee et al., 2000) , and glial activation (Nichols, 1999) . Oxidative stress accompanied by compromised energy metabolism and excessive production of reactive oxygen species (ROS) appears to play a central role in aging. This is supported by the observed decrease in respiratory function and oxidative damage to cellular DNA, proteins and lipids (Albers and Beal, 2000) .
It is now clear that there is a loss of ~10-15% of synaptic junctions in aged brain as measured by microdensitometry (Masliah et al., 2006) . Synaptic plasma membrane (SPM) preparations isolated from brain contain the synaptic junctions of neurons and offer excellent material for the studies of synaptic protein organization in specific domains, including specialized microdomains enriched in cholesterol, sphingolipids, and signaling proteins. These microdomains, termed 'lipid rafts', appear to serve as local organizing sites for the coordination of numerous signaling events by bringing receptors, effectors, and downstream signaling proteins into close proximity and promoting interactions (Simons and Toomre, 2000) . It is important to note that the synaptic localization of proteins that affect neuronal plasticity and cognition, the glutamate receptors, is determined by the positioning of lipid raft domains at synapses (Hering et al., 2003; Hou et al., 2008) . Given that lipid rafts provide platforms for a diverse array of neuronal processes, identification of age-dependent changes in the protein composition of these microdomains will likely provide insights into the molecular basis for impaired neuronal function with increasing age. The goal of this study was to determine if a proteomic analysis revealed any consistent differences in expression of proteins in lipid rafts isolated from SPMs of young vs. aged rat brains. We used two-dimensional fluorescence difference gel electrophoresis (2D DIGE) to assess age-related changes in the synaptic lipid raft compositions. Many proteomic strategies have been applied to studies of the brain (Rohlff, 2000) , particularly in neurodegenerative disorders, such as Alzheimer's and Parkinson's disease, as well as schizophrenia (Rohlff, 2000; Jiang et al., 2003) . Difference gel electrophoresis is designed to eliminate intergel variability apparent in traditional twodimensional gel electrophoresis (2DE) and improve reproducibility by allowing coelectrophoresis of up to three different samples in a single gel (Alban et al., 2003) . This strategy improves the quantification of differential expression in comparative proteomics.
Results of our analyses comparing five pairs of young vs. aged SPM rafts revealed significant changes in synaptic lipid raft proteins with increasing age. Forty-one raft proteins showing the most significant differences between raft domains from young and old were identified. A substantial number of the identified proteins are associated with energy metabolism. Many of those proteins may be components of the plasma membrane redox system (PMRS) (Ly and Lawen, 2003) and play important roles in energy regulation and maintenance of redox homeostasis. Our observations suggest that disruption in both bioenergetic and redox balance in lipid domains may contribute to altered neuronal function observed in aged brain.
Experimental procedures

Materials
Sources for the various primary antibodies were as follows: anti-Flotillin-1 (FLT-1) and antiThy-1, BD Biosciences; anti-Na + /K + -ATPase, anti-ATP synthase beta subunit (ATPB), and anti-voltage-dependent anion-selective channel protein 1 (VDAC1), Affinity Bioreagents; anti-glial fibrillary acidic protein (GFAP), Chemicon International; anti-MnSOD, Stressgen; anti-mitofilin (IMMT), Proteintech Group; anti-NADH dehydrogenase (ubiquinone) Fe-S protein 3 (NDUFS3), MitoSciences; anti-cytochrome c, Santa Cruz Biotechnology; and antiglutamate dehydrogenase (GDH), Novus Biologicals. Immobilized pH gradient (IPG) strips, Pharmalyte, urea and CyDye DIGE fluor minimal labeling kit were purchased from GE Healthcare. Alkaline phosphatase-conjugated secondary antibodies, ficoll, CHAPS, thiourea, iodoacetamide, trifluoroacetic acid (TFA), dimethylformamide (DMF), α-cyano-4-hydroxycinnamic acid, and horseradish peroxidase-coupled cholera toxin subunit B (CTXB) were from Sigma. Acetonitrile and dithioerythritol (DTT) were obtained from Fisher Scientific International. Amplex Red cholesterol assay kit and Sypro Ruby were from Invitrogen, Bicinchoninic Acid protein assay reagents from Pierce Biotechnology, PVDF membranes and ZipTips from Millipore, trypsin from Promega, and protease inhibitor cocktail from Calbiochem.
Animals
Eight pairs of Fisher 344/Brown Norway hybrid (F344/BNF1) rats at 5 months (young) and 34 months of age (old) (five pairs for Cy dye labeling and three for immunoblot analysis) were obtained from an NIA colony maintained by Harlan Industries (Indianapolis, IN, USA). All protocols were implemented in accordance with NIH guidelines and approval by the University of Kansas Institutional Animal Care and Use Committee (IACUC).
Isolation of SPMs, mitochondria and SPM rafts from young and old rat brains
Fisher 344/BNF1 rats were anesthetized by CO 2 inhalation according to the IACUC guidelines. Rats were decapitated using a guillotine and brains removed quickly. The brains from one young and one old rat were processed in parallel. Each whole brain was homogenized and processed immediately for the isolation of synaptosomes and mitochondria by discontinuous ficoll density gradient centrifugation as previously described (Michaelis et al., 1983) . Synaptosomes were lysed with a hypotonic buffer (3 mM Tris-HCl, pH 8.0, with a cocktail of protease inhibitors) and centrifuged at 64,200 × g for 15 min in a Ti 60 rotor (Beckman Coulter) to isolate the SPMs. The SPM and mitochondrial pellets were both homogenized in buffer containing 10 mM Tris-HCl, 50 µM MgCl 2 and 0.32 M sucrose, pH 7.4. Eight pairs of lipid raft preparations were isolated from SPMs using discontinuous sucrose density gradient centrifugation (Jiang et al., 2007) . In brief, the SPMs from each animal were solubilized in an equal volume of solubilization buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, pH 7.5, containing 2% Brij 98), to achieve 1% Brij 98 as the final concentration, and incubated on ice for 30 min. The suspension was mixed 1:1 with a 90% sucrose solution and the resultant mixture overlaid with 35% and 5% sucrose solutions. Ultracentrifugation was performed for 18 h at 98,300 × g in a Beckman Optima Max centrifuge in an MLS-50 rotor. A total of eight fractions (0.5 ml each) were collected from the top to the bottom of each tube. Protein concentrations were determined by the Bicinchoninic Acid method according to the manufacturer's instructions.
Cholesterol and GM1 analysis
Cholesterol was measured using the Amplex Red cholesterol assay kit and GM1 ganglioside levels determined by dot blotting using CTXB (300 ng/ml) (Jiang et al., 2007) . Briefly, 3.5 µl of each fraction was applied onto a PVDF membrane, blocked with 1% BSA for 30 min and exposed to CTXB for 2 h. Color was developed by incubation in a mixture of 1.4 mM 3,3′-diaminobenzidine tetrahydrochloride, 200 mM nickel chloride and 6.2 mM H 2 O 2 .
Immunoblotting
Proteins were separated by SDS-PAGE and transferred to PVDF membranes as we have described previously (Jiang et al., 2007) . Non-specific interactions were blocked with 5% milk for 1 h at 25°C and the membranes incubated overnight with the indicated concentrations of primary antibodies. Alkaline phosphatase-conjugated secondary antibodies (1:1000) were added for 2 h at 25°C. Immunoblots were developed using the substrate 5-bromo-4-chloro-3-indoyl phosphate and nitroblue tetrazolium. Blots were scanned and densitometric analysis carried out using Adobe Photoshop 7.0.
Labeling of synaptic raft proteins with Cy dyes
The buffer in the lipid raft preparation was replaced by a fluor-labeling compatible lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS, pH 8.5) by means of ultrafiltration (Jiang et al., 2004) . Differential labeling of each pair (n = 5) of raft proteins isolated from young and aged SPMs was accomplished by using the CyDye DIGE fluor minimal labeling method as per the manufacturer's instructions. The fluor working solutions (400 pmol/µl) were made in anhydrous DMF. Each SPM raft sample isolated from either a young or an aged rat brain was labeled at a fluor-to-protein ratio of 400 pmol/50 µg protein, with the young preparation labeled with Cy3 and the old with Cy5. The internal standard, comprised of all raft samples of both ages by pooling 25 µg of protein from each of 10 samples, was labeled with Cy2 at the same fluor-to-protein ratio as that used for the individual young and old samples. The labeling reaction was performed on ice for 30 min in the dark and was stopped by the addition of 1 µl of 10 mM lysine and further incubation on ice for 10 min.
Analysis of synaptic raft proteins showing age-related differences
Analytical gels were prepared for the assessment of potential age-related differences in synaptic raft proteins from five pairs of young vs. old brain SPM rafts, each isolated independently. Aliquots of the labeled protein samples were mixed with an equal volume of 2× sample buffer (7 M urea, 2 M thiourea, 4% CHAPS, 130 mM DTT, 2% Pharmalyte) and incubated on ice for 10 min. The differentially labeled proteins, consisting of the internal standard, one young, and one old raft samples with 50 µg of protein present in each of the three samples, were combined (total protein, 150 µg) into a single microfuge tube. Rehydration buffer (7 M urea, 2 M thiourea, 4% CHAPS, 65 mM DTT, 1% Pharmalyte) was added to give a final volume of 450 µl. This multiplexed sample was then loaded on an immobilized pH 3-10 nonlinear gradient (IPG) strip (24 cm) that was re-swelled overnight using a rehydration loading method in a manifold (GE Healthcare). Five such strips were run, each containing an individual pair of young vs. old rafts, and the same amount of the internal standard. Two-dimensional gel electrophoresis was performed essentially as described (Jiang et al., 2003) . The firstdimensional isoelectric focusing in the Ettan IPGphor system (GE Healthcare) was started at 100 V for 8 h and the voltage was gradually increased to 8000 V and kept constant for 12 h. After completion of the first separation, each strip was incubated for 15 min with 65 mM DTT followed by 130 mM iodoacetamide in equilibration buffer (50 mM Tris-HCl, pH 8.8, 6 M urea, 30% glycerol, 2% SDS), and placed on the top of a 10% SDS-polyacrylamide gel (260 mm × 200 mm × 1.0 mm). The second-dimensional separation was performed in an Ettan DALTsix apparatus (GE Healthcare) and run overnight at 1 W/gel. The gels were scanned on a Typhoon Imager (GE Healthcare, Cy2/488 nm, Cy3/532 nm, Cy5/633 nm) using a 100 µm pixel size and the fluorescent images analyzed by Progenesis v2006 2D software (Nonlinear Dynamics). The protein spots on each gel were detected, and gel warping and spot matching across gels was performed. The protein abundance of each spot in the images corresponding to the young and aged samples was determined as a ratio compared with the intensity of the corresponding spot present in the internal standard control image run in the same physical gel. Normalized volumes of the matched spots across all the gels were further used to evaluate the statistical significance of differences between the young and old samples by Student's twotailed t-test.
Mass spectrometry (MS) analysis and protein identification
To identify the proteins in the spots that differed significantly between young and old raft samples in the analytical gels, equal amounts of unlabeled SPM raft proteins isolated from 5-month and 34-month-old rat brains were pooled (0.9 mg total) and applied to a 24-cm IPG pH 3-10 nonlinear strip to make a preparative gel. After the second-dimensional protein separation, gels were fixed in 50% methanol and 7% acetic acid for 2 h, followed by overnight staining with Sypro Ruby. Gels were washed in 10% methanol and 7% acetic acid for 30 min, rinsed twice with ultrapure water, and scanned in a Typhoon imager (457 nm).
The preparative gel was overlaid with the images from the analytical gels to permit the excision of protein spots that differed significantly between young and old samples. Protein identification was performed by matrix-assisted laser desorption/ionization (MALDI)-MS for high-abundance spots as described (Jiang et al., 2003) and by liquid chromatography-MS for low-abundance and/or low-molecular-weight spots as described (Ikehata et al., 2008) . The excised spots were destained with 50% acetonitrile in 20 mM ammonium bicarbonate and dehydrated with acetonitrile. Each gel piece was exposed to 10 µl of 10 µg/ml trypsin in 20 mM ammonium bicarbonate. After digestion for 2 h at 37 °C, 30 µl of extraction solution (10% acetonetrile in 20 mM ammonium bicarbonate) was added, and the mixture incubated overnight. The extracted peptides were initially concentrated and desalted with ZipTips, mixed 1:1 with a matrix solution consisting of 1 mg/ml α-cyano-4-hydroxycinnamic acid in 70% acetonitrile and 0.1% TFA, spotted onto a target plate, and analyzed on a 4700 Proteomics Analyzer (MALDI TOF/TOF tandem mass spectrometer), Applied Biosystems. Peak lists were generated using 4700 Explorer (version 2.0) software after spectra were internally calibrated by the known trypsin auto-digest peptide ions (842.50 and 2211.10 m/z). The peptide mass fingerprint search was conducted using Mascot (v2.1, Matrix Science). Significant hits (p < 0.05) defined by the software were considered as protein identities. Parameters set during the search were as follows: the IPI_rat database (v3.31, ~40,000 entries), developed to offer complete non-redundant data sets representing the rat proteomes built from the Swiss-Prot, TrEMBL, Ensembl and RefSeq databases (Kersey et al., 2004) , was chosen. Monoisotopic masses were used, the maximum of missed cleavages was one, a mass tolerance of 50 ppm was allowed, and carbamidomethyl on cysteines was considered as fixed modifications and oxidation on methionines as variable modifications. If the peptides from low-abundant proteins could not be identified via MALDI, the digested and extracted peptides were introduced into an LTQ-FT Ultra Hybrid Mass Spectrometer, ThermoFinnigan, via capillary liquid chromatography as described (Ikehata et al., 2008) . Survey MS1 mass spectra were acquired in the Fourier transform-ion cyclotron resonance over a mass range of 300-2000 m/z. The three most intense peptide ions in the survey MS1 spectrum were selected and sequentially fragmented for MS2 analysis in the linear ion trap by collision-induced dissociation. Fragmentation of the peptide from the amino terminus produces "b ions" while fragmentation from the C-terminus produces "y ions", both recorded in the spectrum. MS/MS ion searches were accomplished against IPI_rat (v3.31, ~40,000 entries) using Mascot (v2.1, Matrix Science) to determine the peptide sequence by the mass difference between peaks within the same ion series and to identify the corresponding protein. The search parameters were the same as used for peptide mass fingerprint except for a peptide tolerance of 1.2 Da and MS/MS tolerance of 0.2 Da. As mentioned before, significant hits (p < 0.05) defined by the software were taken as protein identities. Specific isoforms of a protein family were identified and distinguished from other isoforms based on their unique peptide mass fingerprint, experimental molecular weight and p I revealed by their running positions on the gels, and/or amino acid sequences obtained from MS/MS analysis.
Results
Characterization of lipid rafts isolated from young and aged rat brain SPMs
Lipid rafts can be isolated from membranes of different tissues and cell types based on their detergent insolubility at low temperature and low buoyant density upon discontinuous sucrose density gradient centrifugation. We isolated lipid rafts from SPMs prepared from the individual brains of five pairs of 5-and 34-month-old F344/BNF1 rats using 1% Brij 98, a non-ionic detergent known to preserve raft integrity even at physiological temperatures (Lucero and Robbins, 2004) . After 18 h of centrifugation at 98,300 × g, a band of white material appeared at the interface of 5% and 35% sucrose. Eight fractions were collected from the top to the bottom of the tube. A small peak representing 13.84% ± 0.87% of the total protein (n = 10, 5 young and 5 old preparations) was present in the low-density fractions, fractions 2-4. A larger protein peak corresponded to the high-density fractions, fractions 5-8. A similar separation pattern was reported previously in the isolation of synaptic membrane raft domains (Hering et al., 2003) . Assay of the raft lipid marker cholesterol showed a peak corresponding to 337.56 ± 25.64 µg cholesterol/mg protein in fraction 3 and 70.81 ± 4.81 µg/mg protein in fraction 4. Cholesterol levels in all other fractions were less than 40 µg/mg protein. The other raft lipid marker GM1 ganglioside and the raft protein markers Thy-1 and FLT-1 localized exclusively in fractions 2-4 ( Fig. 1) . Thus, on the basis of the high cholesterol, GM1 ganglioside, Thy-1 and FLT-1 markers, fractions 2-4 were considered the lipid raft-enriched fractions. Na + /K + -ATPase, a protein that primarily distributes in non-rafts (Hansen et al., 2000) , was found exclusively in the high-density fractions, confirming the separation of the raft from the nonraft membrane microdomains.
Comparison of the distribution of total protein and both raft lipid and protein markers in each fraction showed no statistically significant differences between preparations isolated from young and old rat brains, suggesting that the overall protein content of lipid rafts did not change with increasing age. Fig. 1 shows a representative blot from a young brain synaptic raft preparation, and essentially similar patterns were observed in all preparations. For subsequent DIGE studies and immunoblot validation, fraction 3 was selected as the primary representative of lipid rafts as it was highly enriched in both lipid and protein raft markers.
Differential levels of proteins in synaptic rafts
Potential differences in the levels of various proteins in young vs. aged SPM rafts were investigated by 2D DIGE, followed by gel image analysis and protein identification. Equal aliquots of the three differentially labeled samples, i.e., Cy2 internal standard, Cy3 young, and Cy5 old, were combined and separated by 2DE in a single gel. Five such gels were run with an equal amount of the internal standard present in each gel. Thus, from the five gels 15 gel images were generated in which the protein profile of each sample could be visualized at its proper Cy dye wavelength.
Progenesis image analysis software identified 1046 spots that matched across all five gels. Taking p < 0.05 as an initial threshold for significance, 94 raft protein spots exhibited statistically significant differences in levels with age, 87 of which were decreased and 7 increased in the aged brain samples. Fig. 2 shows high-resolution gel images of a protein that decreased in aged rafts (IMMT) and one that increased with age (GFAP) as representatives of the fluorescence differences in young vs. aged rafts.
For protein identification by MS analysis, a significance level of (p < 0.03) was used to select spots to be excised from the gel (Table 1) . Forty-one proteins were identified via MALDI-TOF and/or LTQ-FT MS analysis ( Supplementary Fig. 1 shows a representative gel with the identified spots numbered). Fig. 3 shows the MS spectrum of NDUS1 or NADH dehydrogenase (ubiquinone) Fe-S protein 1 (Fig. 3A) and MS1 and MS2 spectra of RB6I2 or ELKS/Rab6-interacting/CAST (ERC) protein ( Fig. 3B and C) as representatives of protein identification via MALDI and LTQ-FT, respectively. Fig. 3C represents an example of the single-peptidebased protein identification. The ERC family predominantly contains three members in brain: ERC1 and isoforms 1 and 2 of ERC2. The fragmentation MS/MS spectrum was matched to the AAILQTEVDALR peptide that occurs in either ERC1 or isoform 1 of ERC2, but not in isoform 2 of ERC2. Because the amino acid sequence of this peptide is present in both ERC1 and isoform 1 of ERC2, it is not possible to determine which of these two protein species was seen in our samples. Table 1 summarizes the MS data with the name of each identified protein, the fold change in protein levels in the samples from the aged rats, the corresponding P value, and the corresponding spot number shown in supplementary Fig. 1 . The proteins in Table 1 are grouped according to categories of molecular or cellular function. It appeared that some spots derived from the same protein migrated slightly differently, possibly due to post-translational modifications. These proteins showed similar fold changes and, taken altogether, are reflected in the assessment of the altered level of the protein. For example, spot no. 1621, identified as ATPB or ATP synthase subunit beta, was found to be in relatively lower abundance in old vs. young. Considering phosphorylation as the post-translational modification previously observed on ATPBs (Hojlund et al., 2003) , the single spot identified may not fully reflect the total level of the given protein in the samples. Therefore, some adjacent spots were additionally analyzed and, as expected, spot no. 1626 was also identified as ATPB. Interestingly, that spot also exhibited a statistically significant decrease in aging rafts (p < 0.05).
Almost half of identified SPM raft proteins that were reduced with increasing age are typically associated with bioenergetics and metabolic homeostasis (Table 1, 3rd section). Of these, 15 belong to oxidative phosphorylation complexes associated with mitochondria, among which 7 are components of complex I (NADH dehydrogenase), 2 of complex II (succinate dehydrogenase), 3 of complex III (cytochrome c oxidoreductase), and 3 of complex V (ATP synthase). The change in expression averaged 1.62 ± 0.05-fold for all these components with small standard errors, indicating a possible functional coordination between them.
Differential levels of four presynaptic proteins were also observed: RB6I2 (ERC1 or ERC2) designated as a novel cytomatrix-at-the-active-zone (CAZ) protein, SEPT5 (septin 5) identified as a neuron-specific GTPase compartmentalized in synaptic vesicles (Beites et al., 1999) , SYN2 (synapsin 2) and STXB1 (Munc18-1). Interestingly, the abundance of these proteins in lipid rafts was relatively low, even in young brain; however, the magnitude of the decrease with increasing age was >2-fold, even greater than changes in the energy-related proteins.
Several proteins believed to be associated with the cytoskeletal network also showed markedly lower levels in aged rafts (Table 1, 4th section). The levels of both alpha and beta chains of tubulin, the proteins that form microtubules, and actin proteins differed by ~1.3-1.5-fold. Statistical analysis of one of the relatively abundant protein spots which we identified as an actin, i.e., spot no. 1881, indicated a 1.4-fold difference (p < 0.05) ( Table 1) . Despite slightly less significance, actin was included in the spots analyzed because the results are consistent with lowered mRNA levels of beta-actin previously observed in the aged rat brain (Nishibayashi et al., 1994) . Of the 41 proteins identified, only one, GFAP, was found to be increased with advancing age. GFAP is a class-III intermediate filament protein highly expressed in glial cells.
Assessment of mitochondrial contamination in the SPM rafts
The observation that several proteins believed to be localized to mitochondria were found to be highly represented in lipid rafts is consistent with earlier findings from different types of cells (Bae et al., 2004; Kim et al., 2006) . Such proteins may actually be components of specialized domains in the plasma membrane in addition to the mitochondria. To evaluate further the extent of mitochondrial membrane fragment contaminants in our raft preparations, mitochondrial fractions and three new pairs of synaptic rafts were isolated from young and old rat brains. Proteins were separated by SDS-PAGE, transferred to PVDF membranes, and probed for the levels of two mitochondrial markers not associated with the respiratory complex, cytochrome c (Bae et al., 2004; Kim et al., 2006) and GDH (Lai et al., 1986) . The latter protein is localized not only in the mitochondrial matrix but also on the inner membrane where the respiratory chain apparatus is located. The immunoblots as illustrated in Fig. 4 clearly show that these two proteins were highly enriched in mitochondrial preparations, with nearly undetectable presence in lipid rafts. Densitometric analysis of the immunoblots of separate preparations from three pairs of young and old rats showed minimal levels of these mitochondrial proteins in rafts and a high mitochondrion-to-raft ratio in protein levels (cytochrome c: 10.74; GDH: 18.3) (data not shown). There was no significant difference between young and aged animals in levels of the loading controls used in these experiments, i.e., flotillin for lipid rafts and MnSOD for mitochondria (e.g., Fig. 4 ). The very low content of the mitochondrial markers found in lipid rafts indicated that our raft preparations had only negligible contamination from mitochondria. The relatively abundant levels of energyregulating proteins observed in our SPM rafts were not likely due to mitochondrial contamination and appear to support the extra-mitochondrial localization of such proteins in the plasma membrane as noted by others, e.g., (Bae et al., 2004) .
Confirmation of age-associated changes in protein levels by immunoblot analysis
The next set of experiments was undertaken to confirm our proteomics results through immunoblot analyses of a few representative proteins that were statistically different in young vs. aged rafts. Lipid rafts prepared from new pairs of young and old rat SPMs were run on SDS-PAGE, probed with antibodies to several of the identified proteins, and subjected to densitometric analysis to determine if differential protein levels could be directly confirmed in the old vs. young rafts. The proteins NDUFS3, ATPB, VDAC1, IMMT, and GFAP representing a range of fold-changes were selected for immunoblot analysis. The protein level of the lipid raft marker FLT-1 served as a gel loading control as numerous experiments revealed no age-dependent change in levels of this protein. The absence of differences in FLT-1 levels in young vs. aged samples confirmed the stability of this protein, consistent with its role as a scaffold in rafts that organizes multi-protein signaling complexes (Stuermer and Plattner, 2005) .
Representative immunoblots of five proteins assessed in young vs. old rafts are presented in Fig. 5A . Densitometric analysis of the band intensity from these experiments using three pairs of young and old raft preparations showed statistically significant changes in the protein levels of NDUFS3, ATPB, VDAC1, IMMT and GFAP with increasing age (Fig. 5B) . The fold change calculated from these data was in good agreement with the DIGE results.
Functional categories of the altered proteins
We have identified significant changes in several synaptic raft proteins with advanced age, but the roles these proteins may play in raft-mediated synaptic function and possible implications for synaptic alterations in normal aging are undefined. Nevertheless, it seems important to consider the known biological functions of the major classes of raft proteins that changed with age. Thus, the identified proteins were analyzed for association with relevant biological processes by manual PubMed search and by using the online Onto-Express tool. Important caveats in this analysis are the limited number of raft proteins identified thus far and the likelihood that these represent the most abundant ones. Nevertheless, the raft-associated proteins that appear to change with increasing age are dominated by proteins involved in redox homeostasis and energy metabolism, with modest changes in proteins responsible for cell structure and, proteins expected to be at the synapses and involved in neurotransmission (Table  1) .
Discussion
Only recently have reports appeared describing the raft proteomes from various organs and cell types including neurons (Martosella et al., 2006) , hepatocytes (Bae et al., 2004) , HeLa cells (Foster et al., 2003) , and immune system cells (Li et al., 2004) . Proteomic information has also now been obtained regarding the protein composition of several types of subcellular fractions obtained from the brain, including synaptic membranes (Stevens et al., 2003) , postsynaptic densities (Peng et al., 2004; Li et al., 2005) , synaptosomes and synaptic vesicles (Jia et al., 2006; Burre and Volknandt, 2007) . In a quantitative proteomics report on rafts prepared from intact synaptosomes, the authors identified numerous proteins involved in synaptic vesicle cycling that were quite abundant in these preparations (Jia et al., 2006) . Although, our starting material was an isolated SPM fraction rather than intact synaptosomes, we identified raft proteins that show considerable overlap with those in rafts from synaptosomes (Jia et al., 2006) . These included proteins such as synapsin 2, syntaxin binding protein, actin, tubulin, VDAC1, NADH dehydrogenase, ATP synthase, ERCs and Septins. The substantial overlap between the proteins identified in synaptosomal rafts and those we identified in isolated SPM rafts do begin to provide overall characterization of the protein composition of synaptic rafts.
To our knowledge, the present study is the first report of age-dependent differences in levels of several proteins present in SPM lipid rafts isolated from rat brain. Our most striking finding with regard to aging as reflected in the SPM rafts was that the majority of proteins significantly decreased in aged SPM rafts are involved in bioenergetics and redox homeostasis. Although several such proteins are typically associated with the inner mitochondrial membrane, many of the same proteins are also localized in the transplasma membrane electron transport system or 'PMRS', a system that plays both pro-oxidant and anti-oxidant roles with a high degree of cell-specific regulation (del Castillo-Olivares et al., 2000; Ly and Lawen, 2003) . Localization of electron transport proteins in plasma membranes has been reported in numerous cell types (Baker et al., 2004; Ushio-Fukai, 2006) including neurons (Bae et al., 2004; Kim et al., 2006) , suggesting an extra-mitochondrial localization for several of these proteins. The cell surface localization of components of the respiratory chain and the ATP synthase complex has been further confirmed by immunohistochemistry (Kim et al., 2006) , immunofluoresence (Bae et al., 2004; Kim et al., 2006) , and cell surface biotinylation (Bae et al., 2004) .
The PMRS contains at least two critical enzyme activities, NADH:ferricyanide reductase from VDAC1 (Baker et al., 2004 ) and the NADH oxidase, both of which play a role in the survival of cells devoid of mitochondrial DNA, i.e., ρ 0 cells, or under partial anaerobic conditions (Ly and Lawen, 2003) . These protein complexes apparently control cytoplasmic redox states by maintaining NADH/NAD + ratios and consequently sustain ATP levels in the absence of actual mitochondria. The presence of PMRS proteins in lipid rafts is supported by the studies showing that known PMRS components, NADPH oxidase and VDAC1 (aka 'Porin'), are expressed and activated in raft-like domains (Bathori et al., 1999; Ushio-Fukai, 2006) . Our analysis further supports the presence of PMRS proteins in raft domains and, more importantly, indicates that these PMRS proteins are the ones most frequently altered with brain aging. Based on the known cellular functions of the PMRS, it is possible that, although mitochondria supply 90% of total cellular ATP (Vyatkina et al., 2004) , the raft-localized proteins may contribute to the production of ATP through the ATP synthase complex or the cytosolic glycolytic machinery utilizing NAD + regenerated by the PMRS. This would allow for highly localized responses to rapidly increased energy demands at synapses.
In addition to its energy-regulating activity, the PMRS serves as both a pro-oxidant system that generates ROS at the surface of phagocytic cells and, more importantly for neurons, an anti-oxidant system that protects the plasma membrane against oxidative damage (del CastilloOlivares et al., 2000; Hyun et al., 2006a) . Apparently this protection is due, at least in part, to the activity of the PMRS in transferring electrons from NAD(P)H and ascorbate to external ROS, thereby maintaining levels of reduced Coenzyme Q and α-tocopherol that protect the membrane against lipid peroxidation (Ly and Lawen, 2003; De Cabo et al., 2004; Hyun et al., 2006a) . Of particular relevance to our study are the reports of significant age-related decreases in some PMRS enzyme activities observed in both aging liver and brain (De Cabo et al., 2004; Hyun et al., 2006b ). Quite remarkably, caloric restriction, the only non-genetic means of extending life-span in mammals, led to dramatically higher levels and activities of several PMRS enzymes, Co-enzyme Q and α-tocopherol, in restricted vs. ad libitum-fed aged rats (De Cabo et al., 2004; Hyun et al., 2006b ). Thus, our unbiased proteomic analysis of SPM rafts from young and old rats led to results fully consistent with the hypothesis that biological aging is associated with a diminution in the properties of the PMRS. An age-related reduction in this system could reduce antioxidant capacity, leading to the formation of markers of oxidative stress so well documented in aged tissues, particularly brain. A similar analysis comparing aged calorically restricted with ad libitum-fed rats might be quite instructive in assessing the possible prevention of the protein losses from the raft domains.
The DIGE analysis of young and aged SPM rafts also revealed significant age-dependent reductions in some proteins involved in synaptic activity (Table 1 ). In fact, the magnitude of the change in these proteins was the largest of all differences observed, ≥2.03. Multiple binding interactions among several elements in the 'cytomatrix at the active zone' (CAZ) complex, and the ERC family of proteins, key components of the CAZ complex, are physically and functionally associated with soluble NSF-attachment protein receptor (SNARE) complex (Takao-Rikitsu et al., 2004) . Interestingly for our focus on rafts, the ERC (aka CAST) proteins, appear in the Triton X-100 fraction of transfected cells and recruit other binding partners to the insoluble microdomains, suggesting that at least a portion of the CAZ complexes partition into the lipid rafts (Higa et al., 2007) . Aged rafts also showed reduced levels of synapsins, Septin 5, syntaxin binding protein 1 and cytoskeletal proteins, e.g., (Kartmann and Roth, 2001; Birthelmer et al., 2003; Giovedi et al., 2004; Arunachalam et al., 2008) all of which are implicated in neurotransmitter secretion. Whether reductions in CAZ proteins contribute to the attenuated neurotransmitter release that accompanies biological aging is not known (Birthelmer et al., 2003) .
Cytoskeletal proteins were also highly represented among those most significantly reduced in aged SPM rafts (Table 1) . Plasma membrane lipid microdomains are closely associated with the cytoskeletal network that provides scaffolding for the organization of diverse pre-and postsynaptic signaling complexes (Sudhof et al., 1989; Bhaskar et al., 2004; Frank and Lisanti, 2006; Spiliotis and Nelson, 2006) . In the aging brain, decreased levels of crucial synaptic proteins, including key cytoskeletal proteins, could influence the organization of the active zones.
Although GFAP is widely used as an astroglial cell marker, GFAP is found in synapses possibly due to the association of astrocytic processes with the synaptic cleft. An elevation in GFAP is considered to be a biomarker of enhanced astrogliosis associated with brain aging and dementias (Wallin et al., 1996; Nichols, 1999) . The presence of GFAP in our raft preparations may be a contaminant coming from regions where synaptic and glial membranes interact very closely. The higher GFAP levels in aged SPM rafts may simply reflect the enhanced gliosis present in the aged brain.
Our overall goal was to apply an unbiased proteomics strategy to probe for age-related differences in levels of proteins localized in brain SPM rafts as organizing microdomains for protein complexes central to neuronal signaling (Simons and Toomre, 2000) . Our results were somewhat unexpected in revealing that the majority of proteins significantly reduced in aged SPM rafts are those of the multifunctional PMRS system. The marked reduction in levels of these proteins could lead to both local energy deficiencies and to a decrease in anti-oxidant defenses at the plasma membrane, a combination likely to enhance oxidative stress. Clearly transcriptional, translational, post-translational, or combinations of such processes may be responsible for the age-dependent reductions, and more targeted biochemical studies are needed to identify the mechanisms and the functional implications of the altered protein levels. The use of calorically restricted animals and more detailed studies of PMRS-associated antioxidants such as co-enzyme Q and α-tocopherol could provide insights into the process through which aging in the brain leads to progressive, if often subtle, cognitive impairment and enhanced vulnerability to neurodegenerative diseases. Our results indicate that the little-studied PMRS warrants further assessment as a pathway that contributes to altered signaling in aging brain and a potential source of insights for influencing the state of oxidative stress that develops with increasing age.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Characterization of synaptic lipid rafts isolated from rat brain. The levels of GM1, raft marker proteins Thy-1 and FLT-1, and the non-raft marker Na + /K + -ATPase were determined in the density gradient fractions using dot blots or immunoblots. Dilutions of the antibodies were: anti-Thy-1, 1:250; anti-FLT-1, 1:250; and anti-Na + /K + -ATPase, 1:500. The amounts of protein loaded on the gels were: Thy-1 and FLT-1 (15 µg), and Na + /K + -ATPase (10 µg). Representative blots from five independent experiments with similar results are shown. Enlarged images of representative protein spots illustrating age-dependent differences in protein levels. Progenesis software was used to generate magnified images of the protein spots and images are shown of two spots exhibiting differential expression with age. Spot no. 931 identified as IMMT, was decreased with age. Spot no. 1648 corresponding to GFAP was increased in aged samples. Only one representative example of a protein that decreased and one that increased with age is shown for clarity. However, Fig. 1 in Supplementary Material shows a full array of differentially expressed proteins that were identified and are listed in Table 1 . Representative mass spectra of MALDI-TOF and LTQ-FT used for protein identification by peptide mass fingerprint and MS/MS ion search. (A) The MALDI-TOF spectrum of NADH dehydrogenase (ubiquinone) Fe-S protein 1 identified in the peptide mass fingerprint search. The MS spectrum of spot #1104 was internally calibrated using the two ions of trypsin autolytic peptides at 842.51 and 2211.10 m/z. The monoisotopic mass list was submitted for a peptide mass fingerprint search in Mascot, resulting in one significant hit with a top score of 147 for NADH dehydrogenase (ubiquinone) Fe-S protein 1 as reported (Table 1) . Matched peptide masses are assigned to the peaks in the range of 800-2500 m/z. (B and C) The LTQ-FT spectra of the ERC protein in the MS/MS ion search. The protein identification was based on a single peptide with a resultant Mascot score of 60 (Table 1 ). The double-charged precursor ion at 650.369 m/z was detected in the MS1 with a deviation of 3 ppm (B) and fragmented in the MS2 (C). The MS/MS data with a series of b and y ions were searched and scored in Mascot. As a result, the fragmentation spectrum was matched to the peptide AAILQTEVDALR of either ERC1 or isoform 1 of ERC2. In (C) the matched b and y ions as well as their detected masses are marked. The unique sequence of this peptide was matched only to isoform 1 of ERC2 protein. Immunoblot confirmation of the age-associated differences in levels of selected proteins. (A) Representative immunoblots showing age-related differences in protein levels in young (Y) vs. old (O) rafts. (B) Densitometric analysis of the protein alterations shown in (A). Data represent mean ± S.E.M. immunoreactivities in three separate preparations, with the indicated fold difference (Y/O) and P value above each set of samples. The dilutions used for the various antibodies were: anti-NDUFS3 (1:1,600), anti-ATPB (1:400), anti-VDAC1 (1:1,600), anti-IMMT (1:100), anti-GFAP (1:500), and anti-FLT-1 (1:250). The protein loading amounts were: NDUFS3 (25 µg), ATPB, VDAC1 and GFAP (30 µg), IMMT and FLT-1 (50 µg). Table 1 Identification of raft proteins altered in aging brain. Threshold was initially set as p < 0.03 and 41 proteins were identified (actin at p < 0.05 was included making the total 42). Considering the post-translational modifications, three appended spots (*) were identified. The fold difference was displayed as a ratio of young-to-old. The scores indicating significance (p < 0.05) were given by Mascot (Mowse score). For single-peptide-based protein identification, the precursor m/z, the observed charge and the identified sequence were reported in the lower row. 
